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A Problem
• Large quantities of CCl4 (CT) were disposed into 

trenches in the 200W Area during plutonium 
production activities

• Some of the CT has leaked into the groundwater 
and created a plume of concern at significant 
depth

• Some of the CT in the plume has degraded to 
form CHCl3 (CF), also of concern

• To what degree will natural attenuation be of use 
in remediation?

Background image from Oostrom et al., 2007, Vadose Zone J. 6:971.



Natural Attenuation Parameters

• Previous studies (e.g., 
ITRD, fate and transport 
modeling) identified 
potential for natural 
attenuation to meet goals

• Kd and attenuation 
reaction rate (ka) are key 
parameters to success; if 
Kd and ka are high 
enough, attenuation may 
meet remediation goal

Best
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ka, Kd

No 
ka, Kd



Abiotic Attenuation Pathways (ka)

• Electron transfer [reduction by Fe(II) or sulfide, 
oxidation by Fenton reagents, microbial action, 
etc.)]
– usually yields hazardous products (e.g., CF from CT)
– moderate to very fast
– usually requires manipulation to ensuring reagent 

contacts contaminant
• Hydrolysis (nucleophilic substitution of Cl by 

oxygen from water)
– yields innocuous products
– very slow
– “guaranteed” natural process



Hydrolysis
• For CT:

CCl4 + 2 H2O → CO2 + 4 H+ + 4 Cl-

• For CF:
CHCl3 + 2 H2O → HCOOH + 3 H+ + 3 Cl-

Neutral hydrolysis (dominant at pH <4)

CHCl3 + 4 OH- → HCOO- + 2 H2O + 3 Cl-

Base-catalyzed hydrolysis (dominant at pH >8)



Natural Attenuation by Hydrolysis 

• Abiotic hydrolysis rates 
have been measured in DI 
water at high temperatures 
(> 70 C)

• Extrapolation to 
groundwater temperature 
results in large uncertainty 
in rate

• Further uncertainty arises 
from the possibility that 
sediment surfaces or 
groundwater constituents 
may catalyze hydrolysis 
rates

 
Figure 2. Neutral Homogeneous Hydrolysis of 

Carbon Tetrachloride in Distilled Water

Data of Jeffers et al. (1989, 1996)
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Heterogeneous Catalysis Hypothesis
• Heat released 

during sorption 
raises local 
temperature and 
effectively lowers 
the activation 
energy

• Other factors such 
as accessibility and 
strain may also 
affect reaction rate

We estimated a maximum rate increase of about 8-fold for 
a 1 ppm solution of CT at 17 C due to sorption effects 
alone.



Prior and Related Work

• Literature data for homogeneous hydrolysis only 
at high temperatures for CT and CF

• No literature has shown heterogeneous effects 
on CT and CF hydrolysis

• Sister project funded by Fluor-Hanford starting in 
FY2006 initiated 5-year experiments for low-
temperature CT hydrolysis under homogeneous 
conditions and in the presence of Hanford-Site 
sediment



Preliminary Evidence for Heterogeneous 
Effects on Hydrolysis Rate

Data from sister project funded by Fluor-Hanford (PNNL Support to Remediation Decision Support for 
FY08); Error bars are 95% Confidence Intervals.



Overview of Project

Problem Project Approach Potential Impact

Large uncertainty in 
abiotic degradation 
rates (ka) limits the 

ability to predict fate 
and transport and to 

develop cost-effective 
remediation plans for 
CT and CF plumes in 

200 West Area

ka

?

Type of 
Hydrolysis

CT CF

Hom Het Hom Het

Neutral X* ? X ?

Basic na na X ?

*Currently funded by Fluor-Hanford

Homogeneous (Hom)—Occurring in solution 
phase only

Heterogeneous (Het) —Involves interface 
between solution and solid phase

Neutral—Insensitive to pH (H2O is active agent)
Base-catalyzed—Rate increases with pH (OH- is 

active agent)

Project will provide critical physical-
chemical data for CT and CF 

hydrolysis reactions under 
groundwater conditions (T, surfaces)

• First determination of 
ka(Het) for CT and CF
• Maximum increase for ka 
from Het could be 8x for 
1000 ppb CT
• Clarification of ka(Hom) 
for CF
• Improved ka’s will 
strengthen technical basis 
for remediation decision



Specific Project Objectives

• Determine the neutral and base-catalyzed 
homogeneous hydrolysis rates for CF under 
near-ambient temperatures.

• Determine the impact and mechanisms of 
representative Hanford mineral surfaces on the 
hydrolysis of CT at near-ambient temperatures.

• Determine the impact and mechanisms of 
representative Hanford mineral surfaces on the 
neutral and base-catalyzed hydrolysis of CF at 
near-ambient temperatures.



Approach

• Conduct experiments in sealed ampules 
(headspace:fluid ratios of 1:2) at PNNL

• Conduct selected experiments in parallel 
at SUNY-Cortland (Dr. Peter Jeffers) using 
zero-headspace reactors

• Determine liquid/vapor partition 
coefficients at elevated temperatures for 
CT and CF 



Sediment and Minerals

• Hanford-Site sediment 
(silt loam, 422’ depth, 
216-Z-9/C3426, 
uncontaminated, 
collected on 4 Jan 
2005)



Groundwater
• Uncontaminated 

Hanford-site 
groundwater 
(Well 699-49-
100C located 
near the Yakima 
barricade west 
and up-gradient 
of the 200-West 
Area at the 
Hanford Site, 
collected on 12 
July 2006) 



Typical PNNL Experiment



PNNL Experimental Matrix

• CF Homogeneous and Sediment

• CT Heterogeneous (Mineral-Specific)

• CF Heterogeneous (Mineral-Specific)



Large Headspace Ampule



Ampule Filling



Ampule Sealing



Rack of Sealed Ampules



Incubator Array



SUNY-Cortland Experimental Matrix
• CF homogeneous, pH 12
• CT and CF mineral-specific (kaolinite, 

montmorillonite)
• Liquid-vapor partition coefficients

Zero-headspace 
reactor (top) and 
liquid-vapor 
partition coefficient 
bulb (bottom) 
developed and 
used at SUNY-
Cortland by Dr. 
Peter Jeffers



Current Status of Experiments



Base-Catalyzed Homogeneous Hydrolysis 
Rates for CF



Base-Catalyzed Homogeneous Hydrolysis 
Rates for CF



Mineral Effects on CT Hydrolysis Rates at 
50 C

28 mg montmorillonite, 20 mg of other minerals; Error bars are 95% Confidence Intervals



Summary
• 58 individual long-term hydrolysis rate experiments 

started at PNNL
• 13 have completed sampling, although some analysis 

remains
• Reasonable agreement between PNNL and SUNY-

Cortland data for base-catalyzed homogeneous CF 
hydrolysis

• Some evidence for phosphate effect (strong nucleophile) 
on rates

• Some evidence for mineral specificity, although need to 
adjust for surface area differences

• Work continues at SUNY-Cortland on liquid-vapor 
partition coefficients and heterogeneous rate 
experiments

• Sampling and analysis expected to continue at PNNL for 
next 3-4 years with follow-on funding from Fluor-Hanford



Schedule and Performance

Total Earmark Funds: $309K

Carbon Tetrachloride
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FYTD CPI (e) 0.9 0.9 0.9 0.9 0.9 1.0 1.0 1.0 1.0

FYTD SPI (e) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Oct Nov Dec Jan Feb Mar Apr May Jun

FY07 Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
CUM BCWS 214.8 230.1 243.0 252.0 260.9 269.0 275.6 281.2 286.0 290.1 294.0 298.0 309.0
CUM BCWP 217.8 232.0 242.7 251.8 260.6 268.7 283.0 284.1 287.3 291.3 0.0 0.0 0.0
CUM ACWP 252.3 268.3 274.1 277.3 279.1 284.9 292.9 293.7 296.4 297.3 0.0 0.0 0.0
CUM SV 3.0 1.9 -0.3 -0.3 -0.3 -0.3 7.4 2.9 1.2 1.2 0.0 0.0 0.0
CUM CV -34.5 -36.3 -31.4 -25.5 -18.5 -16.2 -9.9 -9.5 -9.2 -6.0 0.0 0.0 0.0

Carbon Tetrachloride 
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